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ABSTRACT
With the recent discovery of transiting planetary material around WD1145+017, a critical target has
been identified that links the evolution of planetary systems with debris disks and their accretion
onto the star. We present a series of observations, five epochs over a year, taken with Keck and the
VLT, which for the first time show variability of circumstellar absorption in the gas disk surrounding
WD1145+017 on timescales of minutes to months. Circumstellar absorption is measured in more than
250 lines of 14 ions among ten different elements associated with planetary composition, e.g., O, Mg,
Ca, Ti, Cr, Mn, Fe, Ni. Broad circumstellar gas absorption with a velocity spread of 225 km s−1 is
detected, but over the course of a year blue shifted absorption disappears while redshifted absorption
systematically increases. A correlation of equivalent width and oscillator strength indicates that the
gas is not highly optically thick (median τ ≈ 2). We discuss simple models of an eccentric disk coupled
with magnetospheric accretion to explain the basic observed characteristics of these high resolution
and high signal-to-noise observations. Variability is detected on timescales of minutes in the two
most recent observations, showing a loss of redshifted absorption for tens of minutes, coincident with
major transit events and consistent with gas hidden behind opaque transiting material. This system
currently presents a unique opportunity to learn how the gas causing the spectroscopic, circumstellar
absorption is associated with the ongoing accretion evidenced by photospheric contamination, as well
as the transiting planetary material detected in photometric observations.
Keywords: circumstellar matter — line: profiles — minor planets, asteroids: general — stars: abun-
dances — stars: individual (WD1145+017) — white dwarfs
1. INTRODUCTION
A rapid improvement in our understanding of the for-
mation and evolution of exoplanetary systems is tak-
ing place using several distinct regions of the HR dia-
gram. At the earliest stages, the Atacama Large Mil-
limeter/submillimeter Array (ALMA) and similar ob-
servations of protoplanetary disks are leading to insights
in early chemistry and physical structure (O¨berg et al.
2015; van der Marel et al. 2013). In mature, solar-type
and low-mass stellar systems, Kepler transit observa-
tions and radial velocity studies are continuing to pro-
vide a bounty of exoplanetary systems in relatively close
orbits, including numerous small and multi-planet sys-
tems (Vanderburg et al. 2016), but also true Jupiter
analogs in colder orbits (Kipping et al. 2014). State-
of-the-art adaptive optics systems are providing giant
planet and substellar companion detections in relatively
wide orbits at intermediate-mass stars (Macintosh et al.
2015; Carson et al. 2013), and for which a few iconic sys-
tems appear to share some broad characteristics of the
solar system (Marois et al. 2008; Su et al. 2013). These
detections cover a broad range of phase space that con-
strain planet frequency, size and density as a function
of stellar mass and metallicity, but there still remain
critical, empirical gaps in our knowledge. For exam-
ple, observational constraints on the interior structure
of exoplanets are limited to model fits to the mean
density (Madhusudhan et al. 2012) and extrapolating
from the observations of the outermost atmospheric lay-
ers (Redfield et al. 2008; Miller-Ricci & Fortney 2010;
Madhusudhan & Redfield 2015)
Fortunately, nature provides a means to indirectly
measure the bulk chemistry of planetary precursors
or fragments of major planets, via polluted white
dwarfs. These “retired” systems also provide insight into
small planets and their assembly around intermediate-
mass stars, which is not yet possible with any cur-
rent or planned technique. These advanced plan-
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etary systems are common. Their frequency is at
least 30% (Koester et al. 2014; Zuckerman et al. 2010),
providing a distinctive signature of exoplanetary sys-
tems (Rocchetto et al. 2015; Farihi et al. 2013b). While
many exhibit the observational hallmarks of gaseous
and dusty debris from tidally-destroyed minor planets
(Ga¨nsicke et al. 2006; Farihi et al. 2009), due to the
limited sensitivity of current infrared facilities to small
planetesimal and disk masses (see Wyatt et al. 2014),
numerous systems only reveal their planetary nature
via atmospheric metals (Xu & Jura 2012; Bergfors et al.
2014). The atmospheric metal pollution itself enables
the determination of the element to element abundances
within the debris and disrupted parent body, where the
most detailed measurements have yielded chemistry that
is remarkably similar to the bulk Earth (Ga¨nsicke et al.
2012; Jura & Young 2014), along with diversities com-
parable to but beyond the meteoritic classes of the solar
system (Xu et al. 2013), and with some outstanding ob-
jects that are rocky yet H2O-rich (Farihi et al. 2013a;
Raddi et al. 2015).
Recent space and ground-based light curves of
WD1145+017 provide striking confirmation of the
canonical model with transits consistent with multiple,
disintegrating planetesimal fragments. In the first cam-
paign of the Kepler K2 operations, WD1145+017 was
identified and proposed by three groups to be observed
(GO1071 PI: Redfield; GO1048 PI: Burleigh; GO1007
PI: Kilic). The observations exhibit a complex tran-
siting signature of multiple bodies orbiting on periods
of 4.5–4.9 hours (Vanderburg et al. 2015). This is the
first white dwarf to be found to exhibit a transit sig-
nature. Extensive ground-based campaigns have been
performed (e.g., Ga¨nsicke et al. 2016; Rappaport et al.
2016). These photometric observations show a much
higher incidence of transit activity than seen in the orig-
inal K2 data. A wide diversity of transit shapes are also
detected, indicating substantial evolution of the system
in only a matter of months.
Xu et al. (2016) published high resolution spectra ob-
tained by Keck. These observations show strong pho-
tospheric lines indicative of recent accretion on to the
star, as well as distinct absorption profiles caused by cir-
cumstellar gas. The star exhibits a He-rich atmospheric
spectrum punctuated by myriad, strong lines of heavy
elements. Given the rapid settling time for heavy ele-
ments (< 106 yr, compared with > 108 yr cooling age),
the circumstellar material has been recently accreted
onto the stellar surface. Low resolution (∆λ ≈ 1000 A˚)
spectroscopic observations show transit events akin to
photometric observations, with no significant variation
by wavelength (Alonso et al. 2016).
The discovery of transiting events associated with
WD1145+017 comes right on the heels of several white
dwarf planetary systems exhibiting variability, and im-
plying dynamical evolution on human timescales. The
first variations of any kind were seen in the gaseous
emission lines associated with the disk orbiting Ton345
(Ga¨nsicke et al. 2008). The gas component in the disk
at SDSS J122859.93+104032.9 has persisted for at least
12 years and may vary periodically (Manser et al. 2016),
while similar emission from SDSS J161717.04+162022.4
has monotonically decreased, then disappeared over sev-
eral years (Wilson et al. 2014). Only within the past
two years has variability also been witnessed via ther-
mal emission in the infrared. A rapid drop in in-
frared emission has been seen in at least one system,
SDSS J095904.69–020047.6, and it remains unclear how
this might have occurred (Xu & Jura 2014). It has
been suspected for some time that high-rate bursts of
disk accretion take place onto polluted white dwarfs
(Farihi et al. 2012), and the necessary, highly dynam-
ical formation of the compact disks (Veras et al. 2015)
make such events likely, but as yet no variability associ-
ated with changes in accretion rate or metal abundance
have been confirmed.
This paper explores the variability and richness of
high resolution spectra (five epochs over the course of
a year) of WD1145+017, and emphasize the unique op-
portunity to measure the physical conditions (e.g., abun-
dances, dynamics, etc...) in the circumstellar disk. This
so-far unique star provides an unprecedented window to
observe planetesimal disintegration, catastrophic frag-
mentation, and disk evolution in real time.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Keck / HIRES
Observations of WD1145+017 were taken on 2015
November 14 using HIRES on Keck I (Vogt et al. 1994)
as part of program 15B/N116Hb (PI: Redfield), to mon-
itor polluted white dwarfs. The approximate resolving
power of the observations is R ≡ λ/∆λ ≈ 34,000, or 8.8
km s−1. The C5 decker was employed, which has a slit
size of 7.′′0× 1.′′1. Two 20 minute exposures were taken
at the end of the night at high airmass. The signal-to-
noise (S/N) per pixel of the extracted spectra is approx-
imately 10 across much of the observed spectrum, which
ranges from 3100–5890 A˚.
The data were reduced using the HIRES Redux pack-
age written by Jason X. Prochaska1. Standard reduction
steps were taken, including bias subtraction, flat field-
ing, and the removal of cosmic rays and hot pixels. The
spectra were extracted using a 6.′′6 boxcar. All images
were examined manually for order overlap in the blue
1 http://www.ucolick.org/~xavier/HIRedux/
3Figure 1. (left) Individual profiles comparing spectra obtained for five epochs (Keck/HIRES 2015 Apr [black] presented in
Xu et al. (2016) and 2015 Nov [purple] with 1σ error bars, and VLT/X-shooter 2016 Feb [blue], 2016 Mar [green], and 2016 Apr
[orange]). A photospheric model is shown in red. Clear circumstellar absorption is detected with 1) substantial variability on the
red side of the feature, and 2) a diminishing of blue-shifted features observed in the earliest data. (right) Circumstellar features
are ubiquitous in the spectrum. A broader wavelength region is displayed with only the the two most distant observations in
time, VLT/X-shooter Apr 2016 in orange and Xu et al. (2016) Keck/HIRES spectrum in black.
chip. HIRES Redux also performs 2D wavelength solu-
tions using ThAr lamp exposures taken at the beginning
of each night. The residuals for the wavelength fits are≈
0.05 pixels, or ≈ 0.02 A˚, in all orders. When applied to
an individual observation, all wavelength solutions are
corrected for Earth’s heliocentric velocity.
We also make use of the Keck/HIRES spectra from
program 15A/UCLA (PI: Jura) which were presented,
and made available, by Xu et al. (2016). These are the
earliest high resolution spectra available on this target,
taken before the announcement of the K2 detection by
Vanderburg et al. (2015).
2.2. VLT / X-shooter
Observations of WD1145+017 were performed with
X-shooter (Vernet et al. 2011) on 2016 February 14,
March 29, and April 8, under Director’s Discretionary
Time Program 296.C-5014 (PI: Farihi). For the Febru-
ary run, the science target was placed on the slit and
observed in nodding mode in all three instrument arms
quasi-continuously for 5.1 hours while the star was above
airmass 2.0. In the UVB, VIS, and NIR arms respec-
tively the exposure times were 300, 366, and 2 × 188
seconds. Spectra were taken at four (ABBA) positions
along the slit, separated by 5′′, before re-setting the ro-
tator to the parallactic angle. In total there were 10
consecutive repetitions of this overall pattern, resulting
in 40 separate exposures. Acquisition and guiding were
carried out in an attempt to minimize slit losses due to
the current lack of the atmospheric dispersion corrector
on X-shooter. In order to increase S/N , the March and
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April runs were executed in stare mode for 2.9 and 5.0
hours, respectively. The exposure times were 280, 314,
and 240 seconds in UVB, VIS, and NIR arms respec-
tively. All observations were through slits of 0.8′′, 0.9′′,
and 0.9′′ for UVB, VIS, and NIR, respectively, result-
ing in nominal resolving powers of R ≈ 6200, 7450, and
5300. The optical chips were read out binned by 2 pixels
in the spectral direction and in low-gain and high-speed
mode to minimize dead time.
The X-shooter data were reduced using the latest re-
lease of the X-shooter Common Pipeline Library (CPL)
recipes (version 2.6.8) within ESORex, the ESO recipe
Execution tool, version 3.12. The standard recipes were
used to extract and wavelength calibrate the data, the
instrumental response was removed using twilight obser-
vations of the standard star EG 274. We found at opti-
cal wavelengths the additional flexibility of optimally re-
ducing each spectrum individually lead to better results
than the standard combination of ABBA nod sets. This
is mainly due to the non-negligible curve of the spec-
trum introduced by differential atmospheric dispersion
since the slit was not perfectly aligned at the parallac-
tic angle despite our attempts to minimize this effect.
This also led to relatively large slit losses at the shortest
wavelengths, i.e., < 3200 A˚.
The optical spectral extractions performed in STARE
mode were found to be clearly superior to those ex-
tracted in NOD mode, and thus only the former frames
were used in the analysis. The NIR arm was found to
have insufficient signal for useful results; the 40 frames
taken during the February nodded observations resulted
in an overall S/N < 5 in the H band.
3. SPECTROSCOPIC FEATURES
We detect photospheric and circumstellar lines in mul-
tiple transitions and ions of the major elements involved
in terrestrial planet formation: primarily Mg, Al, Si,
Ca, Fe, and secondary trace elements such as Ti, Cr,
Ni. Figure 1 gives several examples of the circumstel-
lar absorption profiles. Two lines (Fe II at 4923.9 A˚
and Ca II at 3933.6 A˚) are shown in detail on the left.
Larger segments of the spectrum are also shown compar-
ing the first (2015 Apr; Xu et al. 2016) and last (2016
Apr) epochs, showing many examples of circumstellar
absorption, mainly due to Fe II.
3.1. Photospheric
The photospheric metal abundances are measured by
fitting white dwarf atmospheric models to the data
with fixed Teff = 15900 K and log g = 8.0, as esti-
mated in Vanderburg et al. (2015). The model and spec-
tral fitting procedure are detailed in Koester (2010).
Sharp photospheric lines are detected at a velocity of
42 km s−1, with 30 km s−1 associated with the grav-
itational redshift given the assumed bulk properties of
this white dwarf (M⋆ ≈ 0.6M⊙ and R⋆ ≈ 1.4R⊕), and
therefore 12 km s−1 associated with the radial velocity
of the star. Note that modest changes in the mass or
radius of the star, of order 10–20%, result in significant
changes in the gravitational redshift, and therefore also
in the estimated radial velocity of the system. The grav-
itational redshift could plausibly be anywhere between
25–45 km s−1given reasonable values white dwarf mass
(0.55–0.75 M⊙). However, this does not prevent accu-
rate modeling of the spectra.
The photospheric abundances in the new observa-
tions are consistent with the measurements by Xu et al.
(2016) to within < 0.2 dex for Mg, Al, Si, Ca, Fe, and
the upper limit for C. For Ti, Cr, and Ni there are many
lines, but all seem to be affected by circumstellar ab-
sorption, so a definitive abundance measurement is dif-
ficult. The only significant, though notable, discrepancy
with the photospheric abundances presented in Xu et al.
(2016) is that our O abundance is 0.2 dex lower.
Based on the published atmospheric metal abun-
dances with modest updates from the modeling pre-
sented here, the composition of the debris accreted onto
WD1145+017 can be inferred. Using updated white
dwarf diffusion models2 (Koester 2009), both the early
phase (t < tdiff) and steady state (t & 5tdiff) abundances
of the material can be calculated for O, Mg, Al, Si, Ca,
Fe.
Interestingly, the material polluting the atmosphere of
WD1145+017 is broadly chondritic in O, Mg, Al and Si,
but shows significant enhancements in both Ca and Fe.
This is a curious mix of material that, at least superfi-
cially, appears to be a mixture of crust-like and core-like
matter. The abundance pattern also supports a modest
excess of oxygen in the accreted matter, with an excess
of 45% or 60%, for the steady state or early accretion
phases, respectively. The more conservative numbers
yield a water fraction by mass of 20%. If the trace
hydrogen in the photosphere was delivered in bulk by
a parent body with this water fraction, then the total
(accreted) planetesimal mass would be 2.4 × 1023 g or
about one-quarter the mass of Ceres (Farihi et al. 2013b;
Raddi et al. 2015). This value is in excellent agreement
with the total accreted mass as inferred from metals
alone, which is 2.6 × 1023 g based on this work, and
broadly agrees with previous estimates (Xu et al. 2016).
3.2. Circumstellar
Broad and distinctive circumstellar absorption is
clearly present, which bracket and blend with the pho-
2 http://www1.astrophysik.uni-kiel.de/~koester/
astrophysics/astrophysics.html
5tospheric lines. The circumstellar absorption is shifted
by the systemic velocity of the system (≈ 12 km s−1)
but no significant gravitational redshift (relatively to the
observer) is expected at its location. We detect signif-
icant (i.e., > 3σ absorption measured in three or more
epochs) circumstellar absorption in more than 250 lines
from among ten elements and 14 ions (O I, Na I, Mg I,
Al I, Ca I, Ca II, Ti I, Ti II, Cr II, Mn II, Fe I, Fe II, Ni I
and Ni II). Like optical spectra of the solar atmosphere,
the ion that produces the most numerous features is
Fe II, with more than 100 transitions with detected cir-
cumstellar absorption. The vast majority of detected
transitions arise from low excitation energies (< 4 eV).
Several ground state transitions are also detected and
may be contaminated by absorption from the interstel-
lar medium (Frisch et al. 2011; Johnson et al. 2015). We
see circumstellar absorption for O I at 7775.4 A˚ al-
though no clear circumstellar absorption is detected for
the hydrogen Balmer lines. It is noteworthy that there
is circumstellar absorption seen in O I, but not in Hα.
While the models used here are not able to link these
species to the total atomic abundance in gas, O I is
present at > 6 × 10−19 g cm−3, whereas for n = 2 H I
there is an upper limit of 10−20 g cm−3.
Table 1 lists candidate identifications for all detected
circumstellar features along with the basic details of
the electronic transition. We perform a Markov Chain
Monte Carlo (MCMC) analysis on all detections. Af-
ter removal of the stellar lines, all circumstellar features
were fit with a simple trapezoidal model (a simple box
for the Keck epochs and a trapezoid with a tapered blue
edge for the VLT epochs) in order to characterize the
basic traits of the absorption. Three parameters are
used to create the trapezoidal model, a minimum veloc-
ity, a maximum velocity, and absorption depth. Two
additional parameters were fit to optimize the scaling of
the stellar photospheric absorption removal and the nor-
malization of the continuum. The profiles are convolved
with the appropriate instrumental line spread function.
A few examples of the fits to the circumstellar absorp-
tion are shown in Figure 2. A typical triangle plot for
the MCMC analysis is given in Figure 3 for the 2016
Mar epoch of the Fe II 4351.7 A˚ feature. The best fit
values along with the median and 68% confidence inter-
vals are displayed. The posterior probability distribu-
tions are well characterized. Note the strong asymme-
try in the maximum velocity parameter, signifying the
sharp edge on the redward side of the observed circum-
stellar absorption profile. The MCMC analysis provides
a quantitative description of the absorption parameters
and their errors. The equivalent width is calculated from
this fit and given in Table 1. The full table has fits
to all lines and gives the median values and 68% con-
fidence intervals for all parameters (e.g., minimum and
maximum velocity and depth of absorption). Due to the
high density of circumstellar lines, blends are common,
and complicate the fit values. Blends are noted in the
table, while isolated features give robust fits.
4. CIRCUMSTELLAR ABSORPTION
VARIABILITY
Observations over five epochs makes it clear that the
circumstellar absorption is varying over month-long time
scales.
4.1. Monthly Variability
In order to evaluate the detailed line profile and vari-
ation between epochs, Figure 4 displays a sequence of
Fe II lines that are strong, unblended, and relatively
isolated form other features. The sequence of transi-
tions are shown overlaid in the top left for the 2016 Apr
epoch. For all epochs a mean profile is produced and
overlaid in the bottom left panel. The basic properties
are
1. a broad absorption feature that is roughly 225
km s−1 in width
2. a range of depths up to 35%
3. a constant and sharp maximum velocity of ≈ 210
km s−1 in the early epochs and ≈ 270 km s−1 in
the late epochs, relative to the heliocentric rest
frame
4. a minimum velocity of ≈ −5 km s−1 in the early
epochs and≈ 40 km s−1 in the late epochs, relative
to the heliocentric rest frame.
The long term (i.e., monthly) evolution of the absorp-
tion tends toward deeper absorption on the red side of
the circumstellar feature over time, while the maximum
velocity increases slightly. The strong blue-shifted cir-
cumstellar absorption (between –50 and 0 km s−1) ob-
served in the early epochs has disappeared, and while
the minimum velocity remains similar, the tapered ap-
pearance of the most recent data make this difficult to
accurately measure. This distinct change in the blue
side of the circumstellar absorption line shape occurs
between 2015 Nov and 2016 Feb. In our simple trape-
zoidal fitting of the line profile, the two 2015 epochs are
fit with a simple rectangular shape, whereas the 2016
epochs are fit with a trapezoid with a tapered slope on
the blue side.
Aside from the changes in the spectral line shape, the
total absorption (i.e., equivalent width) is systematically
increasing with time. The last three epochs increase 15–
20% from month to month. As the transiting source ma-
terial clearly continues to evolve, there is likely a contin-
uous deposition of material that is feeding and growing
the disk of gas that is responsible for this circumstellar
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Figure 2. Examples of circumstellar profile fitting. Three lines are shown: Fe II 4351.7 A˚ (top), Fe II 4923.9 A˚ (middle), and
O I 7775.4 A˚ (bottom). The top row for each shows the observed spectrum for each epoch with the stellar model overlaid in red.
The bottom row of each shows the stellar lines removed, leaving only the circumstellar absorption. A simple trapezoidal model
is shown in red (a simple box for the Keck epochs and a trapezoid with a tapered blue edge for the VLT epochs and convolved
with the instrumental line spread function).
7Figure 3. Triangle plot showing the posterior probability distribution for the five parameters used in the circumstellar line
fitting shown in Figure 2. This typical example is taken from the 2016 Mar epoch for the Fe II 4351.7 A˚ line. The red lines
indicate the values of the parameters at the best fit. The solid black line indicates the median value and the dashed lines the 68%
confidence intervals. The equivalent width posterior probability distribution is also shown in the upper right. All distributions
are well characterized . Note the distinctive asymmetry of the Vmax distribution, indicative of the extremely sharp velocity
cutoff on the red side of the circumstellar absorption profile evidenced in the observed spectra.
absorption. The absorption is not extremely optically
thick, with a median optical depth τ ≈ 2. As shown in
Figure 4, there is a correlation in the equivalent width
with oscillator strength.
4.2. Momentary Variability
Our most recent observations also provide clear ev-
idence of circumstellar variation on short time scales
(i.e., tens of minutes). Our most recent epochs include
coverage of between three and five hours (slightly more
than the orbital period of the transiting objects), and
momentary changes in the line profile are detected most
dramatically in the 2016 Mar observations. Figure 5
show time-resolved spectra of the Fe II 4923.9 A˚ line for
all three most recent epochs. Short term variability is
clearly detected in 2016 Mar over a period of approx-
imately 20 minutes, roughly 10% of the entire obser-
vation. The maximum velocity remains the same, but
there is a dramatic decrease in the absorption on the red
side of the absorption profile. This momentary variation
coincides with a marked decrease in the spectrophoto-
metric flux summed across all wavelengths, and corre-
sponds in time to the most significant photometric tran-
sit signatures (Ga¨nsicke et al. 2016; Rappaport et al.
2016). This implies that the absorbing gas is closer to
the white dwarf than the obscuring, transiting objects.
Our exposure times are significantly longer than those
for the photometric monitoring, but the variation does
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Figure 4. (top left) Comparison of 16 Fe II circumstellar absorption features observed during the 2016 Apr epoch, where the
color scale is proportional to the oscillator strength. (bottom left) Mean profiles created by combining all the individual lines
shown at top for all five epochs, where the color is the same as in Figure 1. As seen in the individual profiles in Figure 1,
significant changes are seen in the circumstellar absorption profiles. (right) Equivalent width versus oscillator strength for Fe II.
The colors correspond to each epoch, as in the plot on the bottom left. The correlation indicates that the gas is not highly
optically thick, although saturation is present at the largest oscillator strengths.
persist over a few explosures (i.e., 10s of minutes). It
is worth noting the rarity of such events, and that for
much of the observed period, the circumstellar absorp-
tion profile remained remarkably constant.
5. A MODEL OF THE CIRCUMSTELLAR
ENVIRONMENT OF WD1145+017
We explore three model possibilities to explain the
spectral signature of the circumstellar material: (1)
discrete streams, either magnetically or gravitation-
ally formed (e.g., Blinova et al. 2016); (2) a curtain of
magnetospheric accretion (Bouvier et al. 2007; Warner
2004) with a disk wind (Kwan et al. 2007); (3) an eccen-
tric or warped disk (Metzger et al. 2012; Ga¨nsicke et al.
2008).
The accretion streams seem unlikely given that we do
not see much short term variability. Even for modestly
magnetic stars, these are likely narrow features that
would rotate with the star. The rotation period of the
star (typically a few days; Greiss et al. 2014) is likely
too long to be smeared over a single exposure. So, due
to the near-constancy of the absorption over five hours,
with only short departures from the mean absorption
profile, this configuration is unlikely. In addition, we
do not expect that this system is unstable to magnetic
Rayleigh-Taylor instabilities (Blinova et al. 2016), given
that the corotation radius is well beyond reasonable es-
timates of the magnetospheric radius.
Magnetospheric accretion models are routinely used
to describe mass accretion onto pre-main sequence
stars (e.g., Hartmann et al. 1994; Muzerolle et al. 2004;
Fischer et al. 2008) and have also been explored for
white dwarfs (Warner 2004; Patterson 1994). This
model is attractive since the nearly edge-on orientation
of the WD1145+017 system results in an abrupt red-
shifted velocity cutoff where the accreting material flows
above and below the limits of the stellar disk, a fea-
ture that is seen in all of the circumstellar lines. Disk
9Figure 5. Running comparison of the Fe II 4923.9 A˚ spectral region. Momentary (i.e., 10s of minutes) departures from the
mean profile are detected in both the 2016 Mar and Apr observations. Broadband (4000–5000 A˚) spectrophotometry is included
in the narrow right panel for each epoch. The circumstellar line variability is clearly associated with the photometric transit
events that have been seen on ≈ 4.5 hour periods.
winds launched from the interaction region of the stellar
magnetic field and the gas disk are also a common fea-
ture of magnetospheric accretion (e.g., Kwan et al. 2007;
Kurosawa et al. 2016) and could be producing the nar-
row blue-shifted absorption seen in some of the spectra.
We have explored model absorption line profiles pro-
duced by an aligned dipolar magnetospheric accretion
flow and find that the observed line profiles are incon-
sistent with this geometry. The inconsistency is mainly
due to the difficulty of reproducing the sharp red ve-
locity edge. While we expect magnetospheric accretion
to occur in this system and is a likely mechanism for
accretion onto the star, it cannot solely account for the
observed profiles.
Finally, we have constructed an eccentric disk model
to explain the observed line profiles. The disk is com-
posed of slightly inclined confocal ellipses that extend
from an inner to an outer radius. We assume that the
density is azimuthally uniform and decreases linearly
with radius. The absorption profiles are approximated
as Doppler-broadened delta functions with an intrinsic
line broadening of 15 km s−1. The vertical thickness
of the disk is 0.1 R∗. The stellar parameters are taken
from Vanderburg et al. (2015).
The model profiles for two Fe II lines observed in 2016
Feb, with different oscillator strengths are shown in Fig-
ure 6 (right panel, thick green lines). We find that a
slightly inclined, mildly eccentric disk viewed at 41◦
from the apsidal line is able to roughly reproduce the
velocity range and depth of the observed red-shifted ab-
sorption. Note that there is a degeneracy between the
viewing angle and the eccentricity, and we have cho-
sen to demonstrate this model with a relatively low ec-
centricity disk. We do not attempt to model the blue-
shifted absorption. We note that the size of our favored
disk (see Figure 6) has similar dimensions to that derived
by Melis et al. (2010) for SDSS J104341.53+085558.2.
The truncation radius of ≈ 10R⋆ may be dictated by
the magnetosphere (Bouvier et al. 2007), with reason-
able values for magnetic field (e.g., 130 G) and accretion
rate (e.g., 1010 g s−1). Note that current observations
are only sensitive to magnetic field strengths & a few kG
(Landstreet et al. 2016), and therefore this field would
go undetected. The total Fe II mass in the model disk
is 1.1×1014 g (a minimum value given that even a mod-
est disk inclination will result in only part of the disk is
project on the stellar disk), suggesting a total disk mass
less than the mass of Ceres (MCeres ≈ 10
24 g). This
value is in agreement with the mass as inferred from the
photospheric lines in Section 3.1.
5.1. Explaining the Variability
A simple eccentric disk model is capable of explaining
both the long and short term variability that is observed
in the circumstellar absorption. The monthly variabil-
ity has two components. The changes in the absorption
depth can be explained by density changes of a factor of
10 Redfield et al.
Figure 6. Model of a low eccentricity disk surrounding WD1145+017 that successfully reproduces the observed profile shape
and line ratios. (left) Geometry of the disk. (middle) Projected stellar disk with shading to indicate the radial velocity of disk.
Note the disk is slightly inclined. The observed asymmetric velocity profile can be produced with a line of sight that near the
apsis of the orbit. (right) Comparison of the model to two Fe II lines showing that the profile shape and line ratios are well
characterized.
3–8× the nominal level. As we know that larger transit-
ing bodies are evolving and presumably disintegrating,
these density variations could be a result of the grad-
ual feeding of material to the disk by the bodies be-
ing disrupted. The other long term variability that is
seen is the absorption profile to the blue of the photo-
spheric line. This feature is not accounted for in our
eccentric disk model, but as discussed above, could be
due to a disk wind associated with magnetospheric ac-
cretion. Changes in disk properties and accretion rates
could account for changes in the disk wind absorption
strength. The momentary variability that is seen in the
2016 Mar and 2016 Apr observations are coincident with
a decrease in flux at all wavelengths, similar to the tran-
sit signatures detected in the photometric campaigns.
The spectral variability, notably the reduced absorption
at the highest velocities, can be explained by a momen-
tary shielding of the disk by an opaque, transiting body
beyond the gas disk.
6. CONCLUSIONS
We present five epochs of high resolution and
high signal-to-noise spectroscopy of the white dwarf
WD1145+017, discovered to exhibit transiting signals
of orbiting material. The most significant conclusions
are as follows:
1. We detect variation in the WD1145+017 circum-
stellar gas disk absorption over time scales ranging
from minutes to months. A systematic increase in
equivalent width is measured over the course of
the year from 2015 Apr to 2016 Apr. In addi-
tion, significant changes in the profile shape are
seen, notably a significant increase in the absorp-
tion depth on the red side of the feature and the
disappearance of absorption on the blue side of the
line seen in the earliest epochs.
2. Circumstellar absorption is measured in more than
250 transitions for 14 different ions of ten different
elements. We fit the circumstellar absorption with
a simple trapezoidal profile and detect significant
long-term variability across a period of a year. De-
tected absorption arises from transitions with low
excitation energies, the vast majority from < 4
eV. A correlation between equivalent width and
oscillator strength is found and indicates that the
absorption is not strongly optically thick (median
τ ≈ 2).
3. Short term variability, on the timescale of minutes,
is detected in two of the three most recent epochs.
WD1145+017 is monitored for over 5 hours each
time and momentary departures from the stable
absorption feature are detected.
4. We present a model of the circumstellar gas disk
that involves an eccentric disk and magnetospheric
accretion to explain the broad profile and modest
absorption depth.
This work is an initial look at a rich data set on a
unique target, as at this time, WD1145+017 remains
the only known white dwarf with detected transit signa-
tures. Future work will involve a comprehensive chemi-
cal inventory of the both the accreted and circumstellar
material. The detection of O I is noteworthy. High
S/N observations could potentially lead to detections
or stringent upper limits on hydrogen, putting inter-
esting constraints on the volatile content. In addition,
the spectroscopic monitoring of the accretion should be
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correlated and compared to the detected photometric
variability. WD1145+017 offers the unprecedented op-
portunity to investigate in detail the disruption of an
exoplanetesimal in real time, to constrain models of the
physical and temporal processes; the production of dust
and gas, and the eventual accretion onto the star.
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Table 1. Detected Circumstellar Absorption Features and Fit Parameters
Ion λ Elow Eup log gf EW EW EW EW EW Comments
a
Keck / HIRES VLT / X-shooter
2015 Apr 2015 Nov 2016 Feb 2016 Mar 2016 Apr
(A˚) (eV) (eV) (A˚) (A˚) (A˚) (A˚) (A˚)
Fe II 3227.742 1.67 5.51 −1.130 0.328±0.0310.030 0.325±
0.035
0.035 0.596±
0.047
0.043 0.698±
0.026
0.032 0.768±
0.017
0.035 i
Ni II 3576.764 3.07 6.54 −1.628 0.181±0.0150.014 0.197±
0.026
0.021 0.501±
0.021
0.018 0.545±
0.021
0.017 0.549±
0.010
0.013 i
Fe I 3647.842 0.91 4.31 −0.194 0.026±0.0040.004 0.571±
0.033
0.034 0.083±
0.017
0.016 0.098±
0.012
0.011 0.140±
0.015
0.007 i
Ca II 3933.663 0.00 3.15 0.134 0.417±0.0150.015 0.395±
0.023
0.023 0.477±
0.015
0.013 0.462±
0.010
0.008 0.542±
0.006
0.006 i
Ca II 3968.469 0.00 3.12 −0.166 0.395±0.0240.023 0.366±
0.018
0.017 0.393±
0.046
0.011 0.520±
0.006
0.006 0.614±
0.005
0.005 i
Fe I 4045.813 1.48 4.55 0.280 · · · · · · 0.107±0.0100.009 0.151±
0.011
0.013 0.187±
0.006
0.006 i
Fe II 4173.461 2.58 5.55 −2.180 0.101±0.0130.012 0.115±
0.013
0.013 0.165±
0.008
0.007 0.169±
0.009
0.007 0.199±
0.021
0.005 i
Fe II 4178.862 2.58 5.55 −2.480 0.111±0.0120.011 0.161±
0.012
0.012 0.236±
0.011
0.009 0.269±
0.025
0.009 0.265±
0.005
0.008 i
Fe II 4233.172 2.58 5.51 −2.000 0.272±0.0090.007 0.330±
0.014
0.013 0.584±
0.026
0.041 0.662±
0.016
0.007 0.721±
0.004
0.005 i
Fe I 4325.762 1.61 4.47 −0.010 0.021±0.0050.005 0.057±
0.014
0.013 0.117±
0.010
0.012 0.152±
0.009
0.008 0.183±
0.006
0.005 i
Fe II 4351.769 2.70 5.55 −2.100 0.213±0.0080.008 0.221±
0.014
0.013 0.416±
0.009
0.010 0.511±
0.006
0.007 0.546±
0.004
0.004 i
Fe I 4404.750 1.56 4.37 −0.142 0.029±0.0090.008 0.022±
0.008
0.007 0.056±
0.008
0.007 0.084±
0.007
0.006 0.104±
0.004
0.005 i
Fe II 4508.288 2.86 5.60 −2.210 0.128±0.0120.011 0.203±
0.018
0.017 0.267±
0.018
0.012 0.325±
0.010
0.019 0.338±
0.005
0.004 i
Ti II 4533.969 1.24 3.97 −0.770 0.454±0.7840.441 0.612±
1.109
0.586 0.041±
0.010
0.008 0.087±
0.009
0.009 0.097±
0.006
0.006 i
Fe II 4549.474 2.83 5.55 −1.750 0.251±0.0170.016 0.304±
0.016
0.016 0.403±
0.023
0.017 0.512±
0.012
0.012 0.574±
0.009
0.016 i
Fe II 4583.837 2.81 5.51 −2.020 0.289±0.0080.008 0.409±
0.018
0.017 0.610±
0.021
0.013 0.688±
0.007
0.007 0.745±
0.004
0.004 i
Fe II 4629.339 2.81 5.48 −2.370 0.119±0.0080.008 0.174±
0.015
0.015 0.267±
0.020
0.014 0.290±
0.028
0.010 0.324±
0.004
0.004 i
Cr II 4824.127 3.87 6.44 −1.220 0.025±1.0470.013 0.030±
0.010
0.011 0.049±
0.015
0.013 0.070±
0.011
0.009 0.091±
0.013
0.010 i
Fe II 4923.927 2.89 5.41 −1.320 0.459±0.0270.024 0.688±
0.033
0.031 1.182±
0.027
0.025 1.271±
0.015
0.012 1.402±
0.008
0.031 i
Mg I 5183.604 2.72 5.11 −0.180 0.070±0.0080.008 0.159±
0.035
0.035 0.147±
0.012
0.012 0.179±
0.012
0.013 0.188±
0.007
0.007 i
Fe II 5234.625 3.22 5.59 −2.050 0.173±0.0110.010 0.241±
0.026
0.025 0.397±
0.011
0.013 0.492±
0.009
0.009 0.512±
0.004
0.005 i
Fe II 5276.002 3.20 5.55 −1.940 0.239±0.0120.013 0.342±
0.044
0.044 0.472±
0.012
0.011 0.533±
0.033
0.011 0.583±
0.012
0.016 i
Fe II 5316.615 3.15 5.48 −1.850 0.313±0.0120.011 0.522±
0.033
0.030 0.654±
0.022
0.018 0.750±
0.025
0.013 0.882±
0.005
0.005 i
Fe II 5362.869 3.20 5.51 −2.739 0.143±0.0110.010 0.100±
0.021
0.019 0.246±
0.016
0.014 0.304±
0.012
0.011 0.308±
0.010
0.007 i
Na I 5889.951 0.00 2.10 0.117 · · · · · · 0.297±0.0280.039 0.347±
0.022
0.020 0.408±
0.016
0.026 i
Na I 5895.924 0.00 2.10 −0.184 · · · · · · 0.625±0.0510.055 0.692±
0.043
0.039 0.977±
0.024
0.020 b
Fe II 6247.557 3.89 5.88 −2.329 · · · · · · 0.158±0.0140.014 0.244±
0.017
0.015 0.302±
0.011
0.010 i
Fe II 6456.383 3.90 5.82 −2.075 · · · · · · 0.350±0.0190.017 0.374±
0.024
0.023 0.491±
0.018
0.027 i
O I 7775.388 9.15 10.74 −0.046 · · · · · · 0.351±0.0240.021 0.443±
0.024
0.022 0.475±
0.014
0.014 i
Ca II 8498.023 1.69 3.15 −1.312 · · · · · · 0.366±0.0360.040 0.453±
0.024
0.025 0.553±
0.014
0.014 i
Ca II 8542.091 1.70 3.15 −0.362 · · · · · · 0.650±0.0240.029 0.732±
0.029
0.024 0.801±
0.017
0.044 i
Ca II 8662.141 1.69 3.12 −0.623 · · · · · · 0.533±0.0250.024 0.763±
0.035
0.044 0.766±
0.017
0.016 i
a(i) isolated feature; (b) blended feature
Note—Table 1 is published in its entirety in the machine readable format. A portion is shown here for guidance regarding its form
and content.
